: (a) A mid-air tactile pattern such as a circle is sampled into a set of successive positions, here 10. (b) Each sample point is presented during a given interval of time proportional to the total number of sample points. (c) Increasing the number of sample points will increase the rendering fidelity, but will also decrease the stimulation duration of each sample point. (d) Our study shows that changing the number of sample points affects the perceived strength of the pattern.
of a pattern, especially for patterns rendered at slow rate of less than 10 Hz. In a second user study, we identify the evolution of the optimal update rate according to variations in pattern size. Our main results show that update rate should be designated as additional parameter for tactile patterns. We also discuss how the relationships we defined in the current study can be implemented into designer tools so that designers remain oblivious to this additional complexity.
INTRODUCTION
Mid-air haptics is a growing field which aims to move the interaction from touch surfaces to touchless interactive spaces in 3D. Hence technologies such as air-jet [28] , air-vortexes [24] , laser [12, 22] , electric arc [25] , and ultrasonic-phased array [3, 7] were developed to provide mid-air tactile feedback to the user, without requiring augmentation with extra wearables. Among those technologies, ultrasonic phased arrays are particularly proficient at rendering a range of complex tactile patterns on the user's palm or fingertips. Indeed, the relatively small size of the tactile point produced (approximately the same as the carrier wavelength [9] ) and the capability to render several points at once [3] has lead researchers to use ultrasonic phased arrays to generate tactile pattern such as volumetric shapes [16] , tactile experiences [19] and even emotions [20] .
Ultrasonic phased arrays focus sound waves coming from an array of ultrasonic transducers into a single location in space. In this focal region, the acoustic pressure almost instantly builds up and eventually becomes great enough to indent slightly the human skin and therefore stimulate the sense of touch. This focal region is thus equivalent to a tactile point. To convey a range of vibrotactile haptic perception through this tactile point, one needs to modulate the tactile point either in wave amplitude [7] also referred to Amplitude Modulation (AM), or in its lateral position [27] also referred to Lateral Modulation (LM). Obrist et al. has shown that varying the modulation frequency varied the perception of tactile point strength among other aspects of its perception [19] . Another approach that constitutes an even more advanced modulation technique is to move the tactile point rapidly and repeatedly around a given path across the user's palm, hence producing a tactile pattern [13] (referred to SpatioTemporal Modulation (STM) ).
AM, LM, and STM are different ways of rendering tactile patterns and are the haptic analogues of graphical rendering methods on digital display screens. Like with most displays, ultrasonic phased arrays are controlled through a digital signal and therefore, each variation in pressure amplitude or spatial position is sampled across time. The rate at which the output is updated depends on the mid-air tactile display update rate capabilities and can range from 1 kHz [27] to 20 kHz [13] . As far as spatially distributed patterns are concerned, the device update rate can further be divided between, the number of sample to produce a single pattern iteration, and the rate at which the pattern shape is repeated. We referred to the former as pattern sampling rate and to the later as draw frequency .
However, little attention has been paid to update rates in mid-air haptics and, to the best of the authors knowledge, all published studies have used the maximal update rate the device has to offer to sample their output. Recall that in visual and auditory modalities a higher update rate improves the output quality by avoiding artefacts such as motion blur and flickering in vision and aliasing in audio. Drawing analogy with those modalities one has good reason to expect that a higher update rate will improve the quality of the mid-air tactile feedback.
However, by definition higher update rate leads to a shorter tactile stimulation duration per sample. Currently, the update rates of the ultrasonic phased array are above 1 kHz [13, 27] which is much greater than the maximum modulation frequency perceptible by our skin mechanoreceptors which is close to 500 Hz [10] . Such high update rates lead to sample times that are shorter than a millisecond. Contrast that to the temporal resolution of our sense of touch which is estimated to be between 2 ms and 40 ms [17] . In the same way that our hearing cannot listen to ultrasound frequencies above 20 kHz or see subliminal images, it becomes unclear to what extent a user can perceive such rapid tactile stimulation.
In the current study, we answer this question by finding out if the update rate has an effect on the user perception of mid-air tactile patterns. To that end, we ran two user studies where mid-air tactile patterns are created with STM but using different draw frequencies and different sampling rates.
In the first user study, we show that the perceived strength of mid-air tactile pattern is related to the sampling rate of a pattern, especially for low draw frequencies (i.e. between 2 Hz and 10 Hz). The results particularly show that for a high sampling rate (i.e. above 200 points), which is the common approach, patterns with low draw frequency (i.e. under 20 Hz) could not be perceived by the user. However, using our approach, which is to lower the sampling rate, user could perceived pattern with draw frequency as low as 2 Hz. Fitting our results to a quadratic mixed model, we were able to determine the relation between perceived strength and sampling rate, and further determine the the optimal sample rate that generates the strongest subjective perception of tactile feedback
In the second user study, we repeated the same method but instead varied the pattern sizes, e.g. the diameter of a circular pattern displayed on a user's palm as seen in Figure1. Combining these results with our first user study, we were therefore able to determine the optimal sample rate for each combination pattern size and pattern draw frequency. Our results show that this optimal sample rate is proportional to the pattern size. In other word, for a given draw frequency, one should optimise the sample rate according to the distance between two consecutive samples.
Finally we discuss the impact of our results on the design of tactile patterns and propose how our guidelines could be integrated within tactile feedback designer tools. 
RELATED WORK
Literature on mid-air tactile patterns is generally divided into two parts. Initially, most of the research focus was on advancing the hardware challenge and developed a functional system that can be electronically driven to produce mid-air tactile feedback. Once this important milestone was overcome, various application use cases were investigated including AR/VR, automotive interfaces and public displays. Recently, research focus has returned to investigate and further optimise the algorithms and methods that generate the tactile pattern in mid-air and the study effect of different rendering parameters on the overall perception. This paper is concerned with the latter.
Mid-air Tactile Displays
Researchers adopt different technologies and methods to develop mid-air tactile displays. One approach is to use pressurised air to convey tactile stimuli either in the form of air jets [28] or air-vortices [24] . This approach does not allow for multi-points stimulus. Furthermore air-jet stimulus size varies with the distance to the device, while air-vortices produce relatively big stimulus (few centimetres diameter).
Other approaches to produce mid-air tactile stimuli include the use of lasers [12, 22] or the use of electric arcs [25] . Even though the stimulus size is very fine in such approaches, the interaction zone remains limited.
Another approach is to use an array of ultrasound transducer to convey tactile feedback in mid-air [7] . Indeed, by electronically shifting the transducer phases one could focus the acoustic pressure to a point in space and use it to produce tactile stimuli on the user hand. The force applied to the skin can reach 16 mN, for a contact area of 20 mm diameter [7] .
More recently, with the use of 70 kHz (instead of 40 kHz) ultrasound transducers one could produce even smaller focused points [9] . It was also shown how similar devices could be used to create multiple focus points with different tactile properties [3] , or mixed with other mid-air tactile display [21] , thus increasing the range of applications for HCI. Ultrasound phased arrays have therefore rapidly became a reliable and attractive technology for both researchers and developers interested in mid-air tactile applications.
As previously mentioned in the introduction, there are currently three different modulation techniques to generate a tactile perception in mid-air using an ultrasound phased array. These three modulation techniques are illustrated in Figure 2 . Amplitude Modulation (AM) is the most commonly used modulation technique for mid-air tactile display and also the easiest to understand. AM involves modulating the pressure amplitude at the tactile point between 0 and 1 (its maximum output value) at a given periodic frequency. AM stimuli are therefore similar to vibrotactile stimuli that is commonly used in mechanical devices. Lateral Modulation (LM) is a more recent modulation technique where a tactile point oscillates back and forth along a short line that is parallel to the skin, while the focus acoustic pressure is fixed to 1 [27] . The authors of LM claim that this modulation technique generates a lateral force on the skin, which are usually perceived as being stronger than normal forces, and therefore is very different to AM. Spatiotemporal Modulation (STM) involves moving a tactile point rapidly and repeatedly along a path on the user's palm with the aim to induce the perception of a 2D shape [13] . This technique is similar to persistent of vision display, where spatial portions of the image are displayed successively and within the persistence time of the human eye, as to represent the whole graphic.
As AM and LM techniques only produce localized tactile effects and requires multi-points stimulus to produce spatially distributed patterns. On the other hand the STM technique is non-localized and requires only one point to produce spatially distributed patterns. Using a single tactile point generally allows for a stronger pressure output compared to many-points since the total hardware output power does not have to be shared by the different points as shown in Kappus and Long [13] . This paper focuses on STM methods to generate spatially distributed tactile patterns.
Tactile Pattern
Tactile patterns can be made to evoke different sensations. In the current study, we define a tactile pattern as the combination of two components: its shape (i.e. form, path) and its sensation (i.e. feeling, perception).
Initial investigations on mid-air tactile patterns were concerned with how to produce a spatially distributed tactile sensation. For instance Wilson et al. [30] looked at the perception of mid-air tactile stimulus moving in a linear direction and across different distances. The importance of temporal parameters according to the desired travel distances was highlighted. The ability to produce multi-points to render 3D volumetric shapes was first leveraged and demonstrated in Long et al. [16] . Here, the desired shapes were sampled using several tactile points and modulating the amplitude of each point. Using a similar approach Korres et al. [15] investigate the effect of varying rendering parameters for circular tactile patterns. Therefore, most previous works concerned with tactile patterns mainly focused on the stimulation duration and the stimulus onset asynchrony. Moreover, most previous research has been using AM techniques since LM and STM are very recent findings. Nonetheless Frier et al. [5] show a strong effect of pattern draw frequency on the pattern perceived strength, with STM, and therefore recommend to optimise the pattern draw frequency according to pattern size.
An interesting property of mid-air tactile patterns is the ability to completely change the users perception of the haptic feedback by simply changing the modulation parameters. For instance Obrist et al. [19] conveyed different qualitative perception such as pulsing, prickly or dispersed, solely by changing AM stimulus modulation frequency. Monnai et al. [18] varied the whole modulation signal according to the application scenario, to provide use case specific tactile effect. In general, these tactile perceptions can either be discriminative and convey information such as the texture of a pattern [4] , or be affective and convey emotion [20] . It is worth mentioning that to the best of our knowledge, none of those studies use modulation frequency lower than 16 Hz.
The challenge of choosing the rendering parameters for a given tactile pattern is therefore to achieve this differences in both discriminative and affective perceptions. The combined requirements however can make this process complex and thus confusing. For application level HCI research such as for media studies [1] or art studies [2] , it is easier if mid-air tactile patterns were implemented from a template library or available in the API implementation.
SAMPLING STRATEGY
With STM, a tactile pattern is produced using a single midair tactile point. Therefore, producing the pattern shape as well as its associated sensation requires rapid and repeated updates of the point properties. In this part, we discuss the update rate requirements and its relation to what we call the pattern sampling rate. Then, we present the current sampling strategy applied in the literature. Finally, we evaluate the current strategies in an effort to find a new, more optimal sampling strategy.
Pattern Sampling Rate
We saw in the previous section that a tactile pattern was composed of a shape and a sensation. However, tracing a pattern shape requires sampling the shape into a set of intermediate discrete positions, referred to as sample points (see Figure 1.a). When rendering the pattern shape, the tactile point position will thus be updated successively to each of those sample points position. The number of sample points, referred to as sampling rate, can vary. However, the greater the sampling rate, the smoother the pattern representation. For instance a circle traced with 20 points will appear smoother than a circle traced with 10 points (see Figure 1 -b&c).
Adjusting the tactile sensation is equivalent to tuning its modulation frequency [19] . The modulation frequency being the rate at which a specific skin patch is repeatedly stimulated, in the case of STM the modulation frequency is similar to the rate at which the pattern is drawn, referred to as draw frequency Indeed, drawing a circle at 5 Hz, means tracing out the circle path 5 times per second and therefore stimulated each position along the circle 5 times per second. Therefore, adjusting the tactile sensation is equivalent to tuning its draw frequency.
Furthermore, if the circle sampling rate is of 10 points per circle, it means that the point will move through each 10 positions 5 times a second. In other words, the point position will be updated 50 times per second (5 Hz × 10 points). Thus, a mid-air tactile display, updating a given pattern, needs an update rate equivalent to the product of the pattern sampling rate times the pattern modulation frequency (see equation 1).
update rate = sampling rate × draw frequency (1) We would like to highlight that the update rate thus defined is not necessarily the maximum update rate that a mid-air tactile display can achieve. Therefore, for update rates lower than that achievable by the hardware, it is possible to increase either the pattern sampling rate or draw frequency without decreasing the other. However, at update rates close to hardware maximum capabilities, a trade-off between sampling rate and draw frequency is required.
Current Sampling Strategies
We define as sampling strategy the tuning of pattern sampling rates according to specific criteria. We found that all previous work use the same strategy that is to determine the pattern sampling rate as the maximum update rate the hardware can achieve, divided by the draw frequency. For instance, Kappus and Long [13] are producing a circle at 200 Hz using the full 20 kHz update rate achievable by the hardware used in their experiments. We believe the reason is that the researchers assume that the greater the update rate the better. This assumption seems pertinent as it is a strategy already being used for different modalities. For instance, in vision and audio a higher sampling rate will reduce artefacts such as motion blur and flickering, for vision, and aliasing, for audio. We referred to this strategy as the high sampling rate strategy.
Pros and Cons for High Sampling Rate Strategy
A high sampling rate strategy can support high draw frequencies without distorting the tactile pattern shape. For example, a simple pattern shape such as a 150 mm circumference circle can be rendered at 500 Hz (the upper limit of vibrotactile frequency relevant to touch) using 40 sample points spaced out every 3.75 mm. The spacing between two consecutive points being less than the tactile point radius (≈ 4.3 mm), one would expect that the pattern will still be perceived as smooth and continuous. However, the problem is that a high sampling rate strategy results in shorter stimulation durations. Indeed, increasing the pattern resolution decreases the relative stimulation duration of each point. For example, a device running at a update rate of 20 kHz, this means that the stimulation duration of one sample is 50 µs. This duration is 2 to 3 order of magnitude lower than the perceptible sense of touch temporal resolution found by Loomis [17] that was estimated to be between 2 ms and 40 ms. Moreover, this draw frequency is 2 orders of magnitude higher than the vibrotactile frequency range relevant to our mechanoreceptors. It is therefore unlikely that our skin can perceived such rapid tactile stimuli.
Another challenge of using a higher sampling rate strategy is the possible inconsistency in sampling rate between tactile patterns being traced with different draw frequency.
The discussion thus far has therefore revealed that pattern variability demands customised pattern sampling rates, otherwise inherent variations will manifest themselves in an uncontrolled and misunderstood tactile perception. This paper will address the above mentioned challenges and propose mitigation strategies.
USER STUDY 1
There are various modulation methods and sampling strategies that can produce a mid-air tactile pattern using focused ultrasound. These methods and strategies predominantly depend on the available hardware being used. There has not been however any discussion on how sampling strategy affects the overall pattern perception. This section describes how we undertook to investigate the relation between sampling strategy and pattern perception. In particular, we focus on the pattern perceived strength relative to the pattern sampling rate.
Method
Our hypothesis was that the pattern sampling rate will have an effect on the perceived strength. To test this, we run a magnitude estimation task [11] . In this task, participants had to estimate the perceived strength for patterns rendered with different sampling rates.
In total 26 participants took part in the user study (6 females, average age±SD: 29.3 ±5.2). Participants were sitting comfortably on an office chair, which they were free to adjust to their liking. On the left of the participant, there was an acrylic box, roughly at their hip level. The box was 200 mm high and a mid-air tactile display UHEV1 from Ultrahaptics Ltd. was lying at the bottom of the box. An aperture was cut on the top box, so participant can rest their left hand over it while experiencing the different mid-air tactile patterns. Before starting the study, an initial focal point was presented to the user hand, so they can align their palm with the array output. To avoid participants responses to be biased by surrounding noises, participants were wearing noise cancelling headphones which were playing pink noise. On the desk, in front of the participants, a laptop was running the experimental protocol. Participants could read instructions from the laptop screen and input their strength estimates via a computer mouse. Figure 3 shows the overall set-up.
To test our hypothesis we used a set of patterns with various sampling rates. To avoid shape related effects, all of these were variations on a circular pattern. All patterns were a 150 mm circumference circle (i.e. ≈ 24 mm centimetre radius), as it covers most of the palm of the participant (human palm width mostly varies between 75 mm and 95 mm [14] ). Circles have also a clear periodic property and its intermediately positioned points can be easily made equally spaced, all of those limiting possible artefacts due to shape geometry. In this study, we also wanted to test whether the sampling rate of the pattern will affect the sensations of different patterns equally. Therefore we picked 6 different draw frequencies for the presentation of the pattern, as to cover different octaves and the sensitivity ranges of different mechanoreceptors [10] . An illustration of such circular pattern is depicted in Figure 1 -a, while Figure 1 -b&c show how the sampling rate affect the pattern spatiotemporal properties. The range of possible samples rates varied with the draw frequency. Due to this, we picked a total of 6 to 11 pattern sampling rates, depending on the draw frequency, which accounted for a total of 51 distinct patterns. Each pattern was repeated 3 times, making for a total of 153 stimuli in the study.
Each mid-air tactile pattern was presented to the participants left palm for 3 seconds. At the end of the stimulus, a numeric pad was displayed on the screen as well as an instruction inviting participants to enter their perceived strength estimates. Prior to the user study, participants were instructed to estimate the pattern perceived strength using their own scale. Additionally, participant were asked to rate the perceived strength from 0 as the minimum (i.e. did not feel the pattern), to infinite, using whole numbers (i.e. no decimal) and to be as consistent as possible in their estimation throughout the study. Finally, participants were reminded to focus only on the pattern perceived strength and to omit any other qualitative evaluation from their rating (e.g., smoothness or simultaneousness). After participants validated their response, the next pattern was presented after a two seconds break until participants rated all stimuli. The patterns order were presented in a randomised order. The whole study lasted about 20 minutes. 
Results
As participants were using different scale to estimate the pattern perceived strength, we first standardised the participants responses. That is, we divided each participant estimate by their highest response [11, 26] . As we were interested in studying each pattern sensation separately, we further separated the data into 6 subsets, one for each pattern draw frequency. Post-processed participants perceived strength estimates are shown in Figure 4 as a function of pattern sampling rate. We invite the reader to note that the x-axis of the figure is logarithmically scaled as the pattern sampling rates spread across 4 orders of magnitude. Each data subset was found to be unlikely to follow a normal distribution (Shapiro-Wilk, p < .05). Therefore we run a Friedman test on each data subset to test whether the perceived strength ratings were significantly different across sampling rate values. The Friedman test indicated significant differences between sampling rates groups for each draw frequency: 2 Hz(χ 2 (10) = 199.1, p < .001), 5 Hz(χ 2 (9) = 179.4, p < .001), 10 Hz(χ 2 (8) = 109.9, p < .001), 20 Hz(χ 2 (7) = 43.4, p < .001), 40 Hz(χ 2 (6) = 45.6, p < .001) and 80 Hz(χ 2 (5) = 15.26, p = .009).
To further determine whether the differences were significant across the whole range of sampling patterns, we run a pairwise Wilcoxon signed-rank test, with Bonferroni correction to avoid type 1 error. For draw frequencies 20 Hz, 40 Hz and 80 Hz, the Wilcoxon test indicated significant differences only between 1 or 2 pairs of sampling rates. We therefore discarded those draw frequencies for the end of the data analysis. However, for draw frequencies of 2 Hz, 5 Hz and 10 Hz, the Wilcoxon test indicated significant differences for all sampling rate pairs, as long as the sampling rate was lower than 200, 96 and 48 points, respectively.
The fact that the upper sampling rate interval leads to no significant differences, suggest that no specific behaviour could be extracted from that part of the data. Furthermore, the fact the corresponding perceived strength plateau around 0, suggest that the participants did not perceived those patterns. Those two points, motivated us to discard the data for the next step of the analysis and focus on the lower sampling rate interval.
On the remaining data, which correspond to the left part of the curve on Figure 4 , the reader can see that, the pattern perceived strength seems to follow a quadratic behaviour. This apparent quadratic behaviour motivated us to use a quadratic linear model, to fit our data. The model we used for regression can be seen in equation 2 strength = a log 2 10 (sampling) + b log 10 (sampling) + c (2) We remind the reader, that the model uses logarithmic values as the plots on Figure 4 , where the quadratic behaviour can be observed, are using logarithmic x-axes. values of 0.68, 0.72 and 0.63 for the pattern draw frequency 2 Hz, 5 Hz and 10 Hz respectively. An R 2 value greater than 0.6 is considered high. We can therefore conclude that the quadratic model is a good fit to model our data. Hence we used the coefficient from the model to estimate the pattern sampling rate that was giving the highest perceived strength. We found that the optimal pattern sampling rate was 22.4, 17.5 and 15.8 points for draw frequency 2 Hz, 5 Hz and 10 Hz, respectively. Finally we estimated the sampling rate threshold that was leading to the pattern to be perceived or not. We found a threshold of 236.6, 119.2 and 149.4 points for pattern draw frequency 2 Hz, 5 Hz and 10 Hz, respectively. The post-processing step can be visualised in Figure 5 and the results of the data fitting are summarized in Table 1 .
USER STUDY 2
In the first user study, we were able to determine a relation between pattern perceived strength and sampling rate. However this relation parameters are varying with the pattern draw frequency. In this second user study, we aim to determine whether these relation parameters vary as well when the pattern size changes.
Method
We use the same protocol and set-up as in the first study. The new stimuli set was composed of 2 draw frequencies.
We chose 2 Hz and 10 Hz, as they are the two boundary frequencies for which the effect of sampling strategy was observed in the first user study. There were 11 and 9 pattern sampling rates for the two draw frequencies, 2 Hz and 10 Hz, respectively. We used 3 different pattern sizes, which were 100, 150 and 200 mm circumference. There was a total of 60 distinct patterns. Each pattern was repeated 3 times, making a total of 180 stimuli. The user study lasted about 25 minutes. In total 26 participants (4 females, average age±SD: 30±5.9) take part in the study. 
Results
The data collected were standardised as in the first user study. We also separated the standardised responses into 6 subsets according to pattern draw frequency and pattern size. Figure 6 shows the resulting rating after standardisation for each data subset.
Each data subset was likely not normally distributed (Shapiro-Wilk, p < .05).
Therefore, we run a Friedman test on each data set to test if the perceived strength rating were significantly different across the corresponding number of sampling rate. For patterns at 2 Hz, Friedman test indicates significant differences as χ 2 (10) = 200.5, p < .001, χ 2 (10) = 212.3, p < .001 and χ 2 (10) = 208.9, p < .001, for circumferences 100 mm, 150 mm and 200 mm, respectively. For pattern at 10 Hz, Friedman test indicated significant differences as χ 2 (8) = 138.1, p < .001, χ 2 (8) = 111.0, p < .001 and χ 2 (10) = 84.0, p < .001, for circumferences 100 mm, 150 mm and 200 mm, respectively. To further determine whether the differences were significant across the whole range of sampling pattern, we run a pairwise Wilcoxon signed-rank test, with Bonferroni correction to avoid type 1 error, on each data subset, and thus determine which pair of pattern sampling rate were significantly different. As in the first study, we found that the pairs of sampling rates were significantly different only for sampling rate below 200 and 96 points, for modulation 2 Hz and 10 Hz, respectively. Hence, as for the same motivations as the first user study, we discarded the non-significant part of the data and run a quadratic mixed model on the significant part of the data. The model indicate R 2 values of 0.70, 0.60 and 0.61 for the pattern draw frequency 2 Hz and circumference 100 mm, 150 mm and 200 mm, respectively. For pattern draw frequency of 10 Hz the model gave R 2 of 0.67, 0.60 and 0.60 for the patterns with circumference The model indicates R 2 values of 0.70, 0.60 and 0.61 for the pattern draw frequency 2 Hz and circumference 100 mm, 150 mm and 200 mm, respectively.
An R 2 value greater than 0.6 is considered high. We can therefore conclude that the quadratic model is a good fit to model our data. Then we use the coefficients from the model to estimate the pattern sampling rate that was giving the highest perceived strength. We found that for 2 Hz draw frequency, the optimal sampling rate was 18.72, 20.95 and 27.95 points for circumference 100 mm, 150 mm and 200 mm respectively. We also found a sampling rate threshold of 240.55, 241.76 and 260.29 points for circumference 100, 150 and 200 mm respectively. For a draw frequency of 10 Hz, we found an optimal sampling rate of 10.77, 15.01 and 20.30 points for circumference 100 mm, 150 mm and 200 mm respectively. As for 2 Hz modulation, the perceived strength of pattern at 10 Hz plateau when the sampling rate is greater than a given number. Using the model parameters and the plateau values, we found that the sampling rate threshold was 92.09, 90.54 and 84.52 for circumference 100 mm, 150 mm and 200 mm respectively. The results of the data fitting are summarized in Table 2 .
DISCUSSION
In the current paper, we investigated a sampling strategy that maximised the pattern perceived strength. Using circular patterns rendered with different amounts of sampling points, we established a relationship between pattern sampling rate and pattern perceived strength. After discussing the user studies results, we will try to explain those same results using the psychophysical literature on the perception of touch. Finally, we will cover the implication of our work for tactile feedback designers.
User studies Results
In the two user studies, we demonstrated that pattern sampling rate has an effect on pattern perceived strength. However, significant effect was limited to patterns with draw frequencies ranging from 2 Hz to 10 Hz. Although variability can be observed in user results magnitude, which could be accounted for user's subjective judgement, the overall trends are common across participants and can be modelled. Using a regression model, we successfully fitted the pattern perceived strength to a quadratic function of the logarithm of the sampling rate (see equation 2).
From these regression functions, we identified an optimal sampling rate for patterns rendered at 10 Hz, of 10.77, 15.01 and 20.30 points for circumferences 100 mm, 150 mm and 200 mm respectively. By taking the ration of the pattern circumference over the optimal sampling rates, we obtained an optimal distance between sample points of 9.7 mm ± 0.3 The low variation between optimal distances between sample points, designate this distance as an invariant for maximising pattern perceived strength across pattern sizes. We found similar results with draw frequency of 2 Hz, for which the optimal distance between samples points was in average equal to 6.5 mm ± 0.8. However, the optimal distances obtained are different across pattern draw frequency and despite our effort, we could not establish a clear relation between optimal distance and draw frequency.
Using the user study results, we also found that the perceived strength plateaus when the pattern sampling rate is greater than a given threshold. This threshold is in average 245 ± 6.2 points and 89 ± 3.3 points for patterns at 2 Hz and 10 Hz, respectively. The low variation between threshold averages suggest the sampling rate threshold to be invariant across pattern sizes, although we could not establish the relation between threshold and pattern draw frequency.
Even though our study showed no effect of sampling rate on perceived strength for patterns at high frequency, we would like to point out that, when observed, the effect occurs only for sampling rate under 200 points. However, high frequency patterns can not currently be rendered with sampling rates up to 200 points. For instance, the mid-air tactile display we used could render a pattern at 80 Hz with only 24 points at most. It is likely that technology will improves and allow to render high frequency patterns with sampling rate of 200 points or more. Until then, we cannot completely ruled out the effect of sampling rate on perceived strength in the case of high frequency patterns.
Finally, on Figure 6 , one may note that the maximum perceived strength vary with the pattern draw frequencies and sizes. However, this can be explained with Frier et al. [5] work, which claims that perceived strength varies with the tactile point speed (i.e. draw frequency times pattern circumference).
Psychophysical Explanation
In an attempt to further understand the results reported in this study, we discuss here some hypotheses related to the psychophysics of the sense of touch. Testing these hypotheses is beyond the present scope of this paper, yet we believe it could be informative towards the reader.
Firstly recall that, for AM, different modulation frequencies are perceived with different strength, even though the amplitude of the stimulation remains the same, 200 Hz being the frequency perceived the strongest [6] .
However, STM stimulation can no longer be described as a sinusoid like for AM and LM, but more like a pulse train with alternation between intervals of stimulation and nonstimulation. Using a Fourier expansion, this pulse train can be decomposed as a sum of sinusoidal signals, thus unveiling the presence of harmonics that are higher in frequency, with an amplitude depending on the pulse width. Decreasing the sampling rate may inadvertently increase the harmonic's amplitude close to 200 Hz, and thereby increase the associated perceived strength.
Another hypothesis is related to the skin viscoelastic properties. High sampling rate stimulation leads to stimulation durations being too short for the skin deformation to reach the required mechanoreceptors depth. At first, this hypothesis might seem unlikely since higher frequency patterns yield to tactile perception nonetheless. However by definition the rate at which the stimulation is repeated at a single location is much faster for high draw frequencies than for low draw frequencies. Therefore, it is plausible that at high frequencies the skin indentation builds up as the pattern is repeated over and over again whereas at low frequencies the elastic skin relaxes entirely between stimulation intervals.
Until now, mid-air haptics was relying on stimulating RA and PC mechanoreceptors that are sensitive to vibrations higher in frequency than the one involved in this study [10] . However, one could note that as the tactile points moves across the skin surface, different groups of SA1 mechanoreceptors might be stimulated. Indeed, SA1 mechanoreceptors are mostly sensitive to the stimulus onset and offset (i.e. transient stimulus). Therefore, as the mid-air stimulus moves from one position to another, the stimulus is offset at the old position and onset at the new position. However, when a sampling rate is too high the sample position difference is lower than SA1 receptive field [29] , and do not lead to this transient behaviour and therefore to tactile perception.
Ultimately, using a mechanotransduction model as the one presented by Saal et al. [23] , one could test some of these hypotheses. Although, such models only predict stimulus detection, but will not determine optimal stimulation.
Haptic Implications
Higher sampling rate does not always improve tactile perception and quite often, the old cliche is true: less is more. Such design insights can be hugely beneficial to haptic engineers, developers and designers. Using the general trend found in the user-study results, we've therefore proposed ways and relationships for such parameters and variations to be hidden behind easy-to-use software packages.
First, we encourage tactile feedback designers working with mid-air tactile display to decrease the sampling rate whenever rendering tactile pattern with low frequency. Decreasing the sampling rate for a sensation that initially cannot be perceived, might suddenly unlock the said sensation. For instance, circular patterns as studied here, could not be perceived below 20 Hz with a high sampling rate. However, when the sampling rate was lowered, the same circular pattern could be perceived as low as 2 Hz. We would like to emphasise that since tactile perception of frequency follows a Weber-law, the range 2-10 Hz is half as wide as the range 10-200 Hz. Hence increasing by 50% the range of discriminable frequency one could now apply to mid-air tactile patterns. We also would like to remind our readers, that in our study, we consider low frequency any frequency less than or equal to 10 Hz. However our study focusing only on circular patterns, the 10 Hz frequency threshold might vary for other patterns, and hence ask the reader to interpret the values of this study carefully when applied to different shapes.
Then, we would like to invite feedback designers to adjust the sampling rate of a given mid-air tactile pattern, whenever it is possible, in order to maximise its perceived strength. We also remind designers that this optimal sampling rate is proportional to the pattern size. Hence, when scaling a given pattern, the sampling rate should be scaled accordingly.
As no previous work exploring adjusting sampling strategy has been undertaken, we expect the possibility to render low frequency pattern to be unveiled for most designers working with mid-air tactile display. Moreover, low frequency patterns, operating at much lower speed than usual pattern rendered with STM, are now expected to be perceived as moving points rather than complete shapes. Moving points, providing richer information (such as start & end locations, direction of motion and rate of movement, all of which are masked at higher speeds), are better recognised than multi-points pattern. This has already been demonstrated for contact devices by Ion et al. [8] who used unistroke patterns. We believe the distinction to hold between low and high frequency mid-air tactile patterns too. Hence, thanks to the sampling strategy we presented, a new horizon of possibilities has been made available to the designers. We encourage designers to experiment with and investigate those new possibilities.
Finally, we are conscious all the results presented here could be overwhelming for tactile feedback designers. However, the invariants identified in the second user study should ease the implementation of our results into design tools as hidden parameters. Thus improved design tools will allow current tactile feedback designers to stay oblivious to sampling strategies.
CONCLUSION AND FUTURE WORKS
Ultrasound phased arrays leverage high update rate to produce tactile patterns of different shapes and sensations. Yet, we show in the current study that in some cases sampling a pattern at high rate can be detrimental for pattern perception. Indeed, for low draw frequency patterns (from 2 Hz to 10 Hz) the perceived strength of the pattern was significantly dependent on the sampling rate. However, our user studies identify estimated optimal sampling rate, as well as rules to adapt those optimum across different pattern size. We then discuss how these results could benefit mid-air tactile feedback designers. Especially, if those results could be integrated into a designer tool, in order to keep designers oblivious to the complex sampling strategies.
In future works, we will continue our investigation on the effect of sampling rate on pattern perception. Particularly, we will focus on expressing the optimum sampling rate as a function of pattern draw frequency and pattern shape. The potential outcomes of these future works will serve to expand the current guidelines for tactile pattern designers. Finally, further future works will consider applying the current guidelines to produce more complex pattern as well as integrating those new patterns into a variety of application scenarios for mid-air interactions.
